The real and nominal shocks in the U.S. are identified by using long-run implications of an open economy stochastic macroeconomic model, and the effects of these shocks are observed in real GDP, effective exchange rates, and the prices for the U.S. relative to each of six other G-7 countries. While Blanchard and Quah's long-run identification strategy is used to identify the shocks, short-run implication of the model are also exploited, as a prima facie evidence, by applying appropriate sign restrictions in the VAR estimation. Consistent with the model's predictions, a positive supply shock results in an increase in relative U.S. real GDP and a real depreciation of U.S. currency whereas nominal shocks in the U.S. lead to an increase in relative U.S. real GDP and relative U.S. prices. The application of short-run dynamics with proper sign restrictions into the VAR estimation produces exchange rate overshooting following the U.S. real shocks.
Introduction
This study examines the international transmission of U.S. real and nominal shocks on key macroeconomic variables of G-7 countries. We develop a theoretical rational expectation open economy macroeconomic model, and this mode's long-run implications are used to identify monetary and real shocks. While the identification technique as pioneered by Blanchard and Quah (1989) is applied to exploit long-run implications of the model, appropriate sign restrictions as implied by the model's short-run dynamics are also exploited (into the contemporaneous coefficient matrix of the VAR model) to account for the short-run implications of the model. The effects of identified shocks on output, exchange rates, and inflation are observed for U.S. relative to each of six other G-7 countries. The theoretical model draws primarily on the open economy macro model developed by Obstfeld (1985) , while other ingredients of the model are also extracted from Mundell (1963) , Fleming (1962) and Dornbusch (1976) (Note 1).
Transmission effects of shocks beyond international borders have been experimented in many theoretical and empirical works with varied range of predictions. The famous Mundell-Fleming model, for example, predicts that an increase in foreign interest rates as a result of monetary tightening abroad under fixed exchange rate regime would result in output reduction both at home and abroad. The increase in foreign interest rates as a result of expansionary government spending, however, would result in the expansion of foreign output but a reduction in domestic output. The effects of monetary and real shocks are rather different under flexible exchange rate system, leading to an expansion of domestic output and a contraction in foreign output after monetary contraction abroad but expansion in output both at home and abroad following expansion in government spending abroad. The models in New Open Economy Macroeconomics (NOEM) literature suggest different transmission effects than the Mundell-Fleming model (Note 2). A seminal work of NOEM, the Redux model, developed by Obstfeld and Rogoff (1995) predicts that the domestic monetary shocks raise the level of domestic output but shows an ambiguous effect on foreign output. An interesting result of this model is the lack of exchange rate overshooting, which is in contrary to the prediction of Dornbusch's (1976) dynamic Mundell-Fleming model. The exchange rate overshooting is, however, restored in Betts and Devereux's (2000a) model, which assumes incomplete exchange rate pass-through as opposed to complete exchange rate pass-through in Redux model (Note 3).
Within the premises of such diversified theoretical predictions, this study provides a fresh account of international transmission effects of U.S. real and nominal shocks in rest of G-7 countries by estimating a structural Vector Autoregression (SVAR) model. Earlier applications of VAR analysis in open economy macroeconomics are found in Clarida and Gali (1994) and Eichenbaum and Evans (1995) . Clarida and Gali (1994) identify sources of real exchange rate fluctuations for post-Bretton Woods period for U.S., Japan, Germany, and Canada. The estimation of structural VAR in their study produces consistent results with the predictions of the Mundell-Fleming model showing that demand shocks lead to appreciation and monetary shocks lead to depreciation of the home currency. Eichenbaum and Evans (1995) also find the results similar to Clarida and Gali (1994) . Kim (2001) , on the other hand, estimates structural VAR to identify unidirectional effect of the US monetary policy shocks to the macroeconomic variables of G-7 countries and finds that the U.S. monetary expansion has a positive spillover effects on real GDP and industrial production of non-U.S. G-6 countries. Kim's results, however, do not seem to be consistent with the predictions of Mundell-Fleming and sticky price NOEM models.
Despite the prevalence of growing literatures that use VAR in explaining transmission effects of economic shocks, earlier studies were primarily designed for closed economy, and, if at all extended for open economy, the extensions were basically designed to explain exchange rate fluctuations. This study, however, provides a most recent contribution to explain the effects of shocks also on output and prices. As a prima facie attempt, we also notably include in our estimation the short-run implications of the model into the VAR estimation, which lacks in the earlier studies.
The empirical results show that there is a positive and persistent increase of U.S. real GDP relative to other countries' real GDP, and a depreciation of U.S. currency relative to other currencies following a supply shock. While the results with output and exchange rates are consistent with the predictions of the standard model, the response of relative price of home-produced goods to the price of foreign-produced goods after a supply shock does not confirm with the model's predictions. As with demand and monetary shocks, the response of relative real GDP is mostly in line with the model's predictions, whereas real and nominal effective exchange rates do not response as expected in the model following demand and monetary shocks. The variance decompositions show that relative real GDP is largely governed by supply shocks whereas demand shocks causes most of the variations in real/nominal effective exchange rates. Monetary shocks lead to a substantial variation in price differential between the countries. Most notable result of this study is the existence of exchange rate overshooting following a supply shock.
Rest of the paper is organized as follows: Section 3 describes the theoretical model. Section 3 provides an account of empirical strategy. Results are discussed in Section 4. Section 5 concludes.
Model Framework
Mondell-Fleming model is extensively-used model in policy-related research by central banks for over four decades, and the model derived here is similar to this model but extended as stochastic Mondell-Fleming model as pioneered by Obstfeld (1985) . Following Clarida and Gali (1994) , all variables used are U.S. relative to foreign country, which essentially makes this model as a two-country model. Foreign interest rates are set to zero without loss of generality. All variables except interest rates are in log.
The demand side of the economy is represented by the following IS equation
where d t is aggregate demand shock, and
is an ex ante real interest rate. Provided that  and  are positive, real exchange rate (s t -p t ) and demand shocks have positive effects on aggregate demand whereas real interest rates have negative effect.
The LM equation is given by
where 0   and income elasticity of money demand is assumed to be unity.
Nominal rigidity is introduced in the following price-setting equation
where p  is a shadow value of flexible price equilibrium. The following uncovered interest parity equation demonstrates the capital market equilibrium
The shock processes are captured by the following three equations:
The supply shocks and monetary shocks are assumed to be pure random walks (equations (5) and (7)). The demand shocks also exhibit random walks; however, following Clarida and Gali (1994) a portion of the shocks are assumed to be reverting in the next period as demonstrated by the last term in equation (6). The introduction of this term in the demand shock process has implication for the application of Blanchard and Quah (1989) 
Using method of undetermined coefficients gives the solution for real exchange rates as
Equation (8) , and arrange the terms to get
From solution of real exchange rates in equation (8) and also using the shock processes, we obtain
Substitute this in equation (9) to obtain a stochastic difference equation for price as
Using method of undetermined coefficients we obtain the solution for t p  as
Prices are affected by all three shocks in flexible price equilibrium as observed in equation (11).
Solution for price:
Substitute price solution equation (11) into price setting equation (3) to get
where t p  is flexible price solution.
As can be seen in equation (12), the deviation of price from long-run equilibrium is negatively affected by demand and monetary shocks and positively by supply shocks.
Solution for real exchange rate:
Substitute (12) and (1) into (2) to obtain
Substitute (11) into (12) and get the expression for
Substitute (14) and (10) into (11) to obtain stochastic difference equation for q t as
Using method of undetermined coefficients gives the solution for q t as
Using (8) we can also have the solution for q t as
For the solution of nominal exchange rates, q t and p t are substituted in the expression for nominal exchange rates
The solution for nominal exchange rates show that the deviation of real and nominal exchange rates from long-run equilibrium is positively affected by demand and monetary shocks and negatively by supply shocks, given 0
. This shows that supply shocks can produce exchange rate overshooting, and this implication is tested empirically by estimating a VAR in Section 4.
Solution for aggregate demand:
By using (4) we can write IS equation as
Forwarding one period ahead, using (10) and taking expectation for (15) to get
Substituting (17) and (15) into (16) to obtain the solution for aggregate demand as
This equation exhibits that the deviation of real GDP from long-run equilibrium is positively affected by demand and monetary shocks and negatively by supply shocks, given 0 ) (     .
In the short-run all variables are affected by all three shocks contemporaneously as shown by equations (12), (15), (16), and (18) but in the long-run the system becomes triangular as output is affected only by supply shocks (equation (5)), real exchange rates by supply and demand shocks (equation (8)), and price by all three demand, supply and monetary shocks (equation (11)). Both these long-run and short-run implications of the model are used in estimating structural VAR model described in the next section.
Empirical Strategy

Structural VAR Model
A two-country world is described by a following structural equation
where B is a contemporaneous coefficient matrix in structural equations, y t is 1 3  data vector which includes U.S. relative output, relative real/nominal effective exchange rates, and relative prices. t e is a 1 3  vector of structural shocks -aggregate supply shocks, aggregate demand shocks, and monetary shocks. t e are assumed to be serially uncorrelated with Var( t e ) =  as a diagonal matrix with unit variances of structural disturbances on the principal diagonal.
The VAR is estimated in the reduced-form equation as
where
Using the relationship t e B t u 1   and the assumption of
Reduced-from model, which downsizes the structural representation of the system, leads to identification problem. To recover the parameters of structural equations and the innovations thereto, we must impose restrictions on the structural system. There are two ways to restrict the system: first, the short-run restrictions employ both recursive (Sims (1980) ), and non-recursive frameworks (Bernanke (1986) , Sims (1986) ) in the matrix B and the second, the long-run restrictions employ restriction on long-run multipliers. The identification strategy we apply here is long-run restrictions as suggested by Blanchard and Quah (1989) . To apply this approach, the equations (19) and (20) are represented in the moving average form as
From equations (23) and (24), the relationship between the structural and reduced-form parameters becomes
The matrix ) 1 (  is obtained by using reduced-form estimated parameters s '  from equation (21), and B -1 is estimated by using maximum likelihood estimation (Note 5). The long-run restrictions are applied in the matrix
. The restrictions come from long-run implication of the model described in Section III. That the model demonstrates that output is not affected by demand and monetary shocks and real exchange rate is not affected by monetary shocks makes the matrix of long-run multipliers ) 1 (  a lower triangular matrix. This lower triangular condition helps identify matrix B -1 , and thereby
, and finally the impulse responses and variance decompositions.
In order to exploit the short-run implications of the model, we use the relationship t e B t u 1   , in which appropriate sign restrictions are imposed on the matrix B -1 so that the contemporaneous effects of the innovations are accordingly transmitted to the reduced-from disturbances and thereby to variables used in the model. The model's short-run dynamics implies that the supply shocks have negative adjustment process (that is, the difference between long-run equilibrium values and short-run sticky price values) for relative GDP and real/nominal effective exchange rates and positive for relative prices, whereas demand and monetary shocks have positive adjustment process for relative real GDP and relative real effective exchange rates but negative for real effective exchange rates (equations 12, 15, and 19 =1 . With this specification, an important issue arises here and needs to be addressed. The results must be interpreted in growth rates. The shocks have effects only on the deviations of the variables from the long-run equilibrium in the short-run sticky price solution. As implied by the price setting rule, it is assumed that the long-run value is attained in the next period, thus the first difference can best be represented as short-run deviations of the variables from the long-run, which we do to obtain empirical results in VAR estimation.
Data
The international financial statistics (IFS) published by International Monetary Fund (IMF) is a major source of data for this study. As suggested by previous researchers, this is a rich source of data for open economy macro analysis, and the data in this source is available for large number of cross-sections ranging for many years. The study is confined only to G-7 countries (United States, United Kingdom, Canada, France, Germany, Italy, and Japan). This confinement is relevant in the sense that these countries have closer economic ties, and the shocks generated in any of these countries will have direct impact on the economies of other countries. For the estimation, we use quarterly data ranging from 1980Q1 to 2009Q2. The variables used are: real GDP, real effective exchange rates and GDP deflator. Since the quarterly flows of real GDP for U.S., CAN, JAP are not available in the IFS, they are obtained from OECD to generate consistent real GDP series for all countries. For exchange rates, we use effective exchange rates in place of ordinary exchange rates between two countries. Effective exchange rates are obtained by suitably weighing the exchange rate index for the country itself and the index of 20 other industrial countries. The justification for using such rates comes from the fact that our sample includes major industrial countries and such rates truly reflect the exchange rate behavior in these countries.
Empirical Results
This section summarizes the results obtained from estimating structural VAR model described in Section 3. The variables used for this estimation are: log of relative real gross domestic product (RGDP), the log of relative real effective exchange rates (REER/NEER), and the log of relative GDP deflator (DEF), of the U.S. to foreign country.
Since all these variables demonstrate unit roots (Table 1) , the VAR uses their first differences. The first differences transform the variables used in the VAR specification as output growth rate differential, real effective exchange rates differential, and inflation differential. The lag length is determined by using AIC criterion, which supports for eight lags in the VAR specification.
Before explaining the impulse responses and variance decompositions, we first summarize the expected dynamics of the variables to supply, demand and monetary shocks as implied by our model ( Table 2) . The model described in the previous section predicts that the response of relative output in response to all three shocks is positive. The relative real effective exchange rates, on the other hand, depreciate in response to supply and monetary shocks but appreciate in response to demand shocks. The relative prices are observed positive in response to demand and monetary shocks but negative in response to supply shocks.
The impulse responses of relative U.S. real GDP, REER, and price levels to all shocks are reported in Figure 1 . The impulse responses of relative real GDP to supply shocks is consistent with the predictions of the model. The impulse responses demonstrate that there is a positive response of home country's real GDP relative to foreign country's to supply shocks, which is valid for all country pairs, both in growth rates and levels of the variables. The one standard deviation of a supply shock, for example for the U.S./Canada pair, produces 2.4 percent increase in the U.S. real GDP relative to the Canadian real GDP. The relative real GDP persistently increases in response to supply shocks whereas it exhibits hump-shaped in response to demand and monetary shocks, which is consistent with the predictions of the prevailing standard macroeconomic models. For most of the country pairs, the effect of nominal shocks (demand and monetary shocks) continues to persist for nearly 16 quarters ahead and then die out.
The response of relative real effective exchange rates to supply shocks is also consistent with the model's predictions. The relative real effective exchange rates depreciate for all country pairs when there is a positive supply shock, a similar result as found in Stockman (1987) and Huizinga (1987) . The supply shock effects on real exchange rates, on the other hand, continues to depreciate for all time horizons, which is attributable to our identification strategy in which supply shocks have long-run effects on the real exchange rates. In response to demand shocks, however, the relative real exchange rates do not appreciate as contrary to what has been suggested by the model. This can be justified with an argument that the demand shock generated in home country resulted in higher import demand leading to home country's currency depreciation. This is convincingly possible for the open economies such as those included in our sample. The effect of demand shocks on relative real effective exchange rates continues to persist as suggested by the flexible price solution of the model. The effect of monetary shocks to the real exchange rates is conformable to the model's prediction in most of the country pairs, resulting in a real depreciation of home currency in response to the monetary shocks. This result is consistent with the results also found in Mussa (1986) .
The monetary shocks, however, exert only short-run effects on the real effective exchange rates that last roughly 15 quarters in most of the country pairs.
The response of relative price of home-produced goods to the price of foreign-produced goods does not show the strong support in producing conformable results with the model's prediction. The implied negative effect of supply shocks to relative prices as predicted by the model is observed only for U.S./Canada pair. Likewise, the effect of demand shocks on relative prices leads to decrease in home country's relative price to foreign's, which also contradicts the predictions of the model. The effect of monetary shocks, however, is consistent with the model for all country pairs resulting in a rise in the U.S. relative price in response to monetary shocks in the U.S.. All shocks have persistent effect on relative price levels as suggested by our long-run characteristics of the model.
The most of the impulse responses for the U.S. against three countries France, Germany, and Italy appear somewhat problematic with regard to their conformability with the model's predictions. The justification of this behavior can be found in the time series properties of log of relative prices of the U.S. against the prices of these countries as shown by augmented Dicky-Fuller test statistics ( Table 1 ). The reason can potentially be fact that these three countries are members of euro, and there was a regime change in these countries by participating in common euro currency beginning 1999, which certainly have effects on macroeconomic adjustment. In order to control the effect of this regime change, a dummy was introduced into the VAR estimation, and with this new specification the impulse responses did not change significantly but the effect of monetary shocks to explain relative real effective exchange rates come closer to the model's predictions (Fig. 2) .
The variance decompositions in Table 3 demonstrate the proportion of movement of three variables included in the VAR specification as resulted from three different shocks. The results show that the movement in relative real GDP for all country pairs is mainly attributed to the supply shocks (results have been reported only for US/Canada pair and can be made available for other country pairs when requested. The results are similar for other country pairs also). In the first quarter of the relative U.S./Canada GDP, for instance, 96 percent variation of this output is explained by the supply shocks whereas only three percent and one percent variations are explained by demand and monetary shocks, respectively. The effects of demand and monetary shocks almost vanish at the end of the period, and therefore all movement in relative real GDP is explained entirely by supply shocks.
The movement in real effective exchange rates, on the other hand, is mainly governed by demand shocks. Except for the U.S./Germany country pair, more than 90 percent of variation in exchange rates in all country pairs is attributed to demand shocks. The monetary shocks do not play a major role to cause movement in relative real effective exchange rates.
Monetary shocks are dominant to explain relative price movement. More than 95 percent variation in relative price is attributed to monetary shocks for all country pairs except for U.S./Italy and U.S./UK country pairs. The demand shock, however, contributes for the most of the variation in later periods for the fluctuations of relative price level.
The impulse responses after applying sign restrictions from short-run dynamics of the model have been reported in Figure 3 . The impulse responses demonstrate that output adjustment process is negative for all country pairs following supply shocks and vanishes after few quarters. The important thing to note here is that the impulse responses display the effects of supply shocks on the growth rate differential of real GDP between two countries, which suggests that after supply shocks in the domestic economy, the gap in growth rate differential between the U.S. and other countries narrows down. The demand and monetary shocks produces the similar convergent effect for real GDP but for most of the country pairs the impulse responses lies on the positive territory, which is justified by the short-run dynamics of the model. For inflation rate differential, the supply shocks caused positive adjustment process whereas monetary and demand shocks generated negative adjustment process for most of the country pairs. This suggests that the inflation in the U.S. remains to be lower than the inflation in other countries after supply shocks in the U.S. economy, and the opposite happens when demand and monetary shocks hit the U.S. economy. The inflation rates in both countries, however, are equalized after few quarters as shown by the convergence of the impulse responses at zero level after some quarters.
The dynamics of relative real effective exchange rates is noteworthy here. The impulse responses suggest that in most of the country pairs, the appreciation rate in the U.S. from a supply shock is smaller than the appreciation rate of the foreign economy, whereas the depreciation rate of the U.S. currency is greater than the depreciation rate of the foreign currency, following demand and monetary shocks (only impulse responses for US/Canada pair have been shown). This observation is true also for nominal effective exchange rates. The gap remains to be larger at the beginning and comes to the convergence at the latter periods. Following the supply shocks, the nominal effective exchange rates temporarily falls below the long-run values as indicated by negative impulse responses for nominal effective exchange rates. This indicates that not only the monetary shocks but also real shocks are attributed to generate exchange rate overshooting.
In order to check the robustness of our results, we conduct two analyses: one estimates the models using winsorized data and another compares estimations of two sub-sample periods to observe whether the results differ significantly between these two sub-samples. Winsorized data produces similar results as the results shown above presumably due to the fact that there are no such outliers clearly observed in the data. For the second test, we break the entire sample in two sub-groups taking 2002:Q2 as a breaking point. This breaking point is supported by Qu and Perron (2007) 's test of structural changes in multivariate regressions. This breaking point deserves relevance also to the fact that the famously known dot-com bubble crashed around this time leading to the financial crisis and then to 2001 recession. We do not observe any significant difference in impulse responses for these two sub-sample periods which indicates that our results are robust.
Conclusion
We study the effects of the U.S. real and nominal shocks on key macroeconomic variables in G-7 countries by estimating structural VAR model. The impulse responses of U.S. real GDP relative to the rest of other countries to the supply shocks are consistent with the predictions of the model, resulting in a rise in U.S.'s real GDP compared to other countries' following the supply shocks in the U.S. The relative real GDP persistently increases in response to supply shocks whereas it exhibits hump-shape in response to demand and monetary shocks.
The responses of effective exchange rates to supply shocks are also consistent with the model's predictions. The relative real effective exchange rates depreciate in all country pairs when there is a positive supply shock in the U.S. The supply shock effects on real exchange rates remains persistent for a longer period of time. In response to demand shocks, however, the exchange rates do not appreciate as contrary to the model's prediction. The effect of monetary shocks to the real exchange rates is conformable to the model's prediction in most of the country pairs resulting in real depreciation of home currency in response to the monetary shocks in the U.S..
The responses of relative prices in the U.S. relative to the prices in other countries, on the other hand, do not show consistent prediction with the model. The expected negative effect of supply shocks to relative prices as predicted by the model is observed only for U.S./Canada pair. The effect of monetary shocks, however, are consistent with the model for all country pairs resulting in a rise in the U.S.'s relative prices in response to monetary shocks in the U.S..
The variance decompositions show that the movement in relative real GDP for all country pairs is mainly attributed to the supply shocks. The movement in real effective exchange rates, on the other hand, is mainly governed by demand shocks, whereas monetary shocks are dominant to explain relative price movement.
The exchange rates demonstrate a noteworthy behavior following the supply shocks, resulting in most of the country pairs a smaller appreciation rate in the U.S. than the appreciation rate in the foreign economy at the beginning and this effect dyes out after few quarters. This suggest that not only monetary and demand shocks cause exchange rate overshooting but supply shocks are also attributable for exchange rate overshooting.
While this study provides fresh account of explaining transmission effects of U.S. real and nominal shocks beyond international borders, the study is not free of shortcomings. The effects of U.S. shocks on international macroeconomic variables through terms trade and interest rate differentials have been have been ignored in this study. By addressing this issue, a realistic transmission mechanism of the effects of shocks from one country to other countries is expected.
optimal monetary policy and desirability of international monetary policy cooperation. A far from complete list for further references includes Clarida, Gali, and Gertler (2002), Corsetti and Pesenti (2005) , and Woodford (2007) . Note 3. A comprehensive analysis of transmission of shocks in incomplete exchange rate pass-through is found in Corsetti and Pesenti (2007) . The authors provide a detailed analysis of shock transmission process in three different incomplete exchange rate pass-through regimes: local currency pricing (LCP), producer currency pricing (PCP), and dollar pricing (DP). The transmission effects are different for these three regimes.
Note 4. The flexible price solution is, in fact, a hypothetical solution, because we cannot characterize steady state in stochastic environment as economy is constantly hit by shocks. We, therefore, prefer to call this solution as shadow flexible price solution.
Note 5. To obtain ) 1 (  , the equation (20) 
